The immunological relationships between mumps virus and parainfluenza viruses were investigated with 74, 78 and 80 previously developed monoclonal antibodies directed against five major structural proteins of mumps virus, Sendal virus (a murine parainfluenza type 1 virus) and parainfluenza type 3 virus. These monoclonal antibodies were reacted with the three viruses, with parainfluenza type 2 virus and with Newcastle disease virus,(NDV) in ELISA and immunofluorescence (IF) tests. In addition, immunoprecipitation tests with [35S]methionine-labelled extracellular virions were carried out with cross-reacting monoclonal antibodies. None of all 232 monoclonal antibodies against the three viruses cross-reacted with either parainfluenza type 2 virus or NDV in ELISA and IF tests. In the collection of 74 mumps virus monoclonal antibodies, three directed against the nucleocapsid (NP) protein, polymerase protein, and fusion protein cross-reacted with Sendal virus. Two Sendal virus monoclonal antibodies directed against two different epitopes of the haemagglutinin-neuraminidase (HN) protein cross-reacted with parainfluenza type 3 virus. Six other Sendai virus monoclonal antibodies directed against four different epitopes of the HN protein and one directed against the NP protein cross-reacted with mumps virus. Eight out of 80 monoclonal antibodies directed against parainfluenza type 3 virus crossreacted with Sendal virus. One was directed against the HN protein, four were directed against a minimum of two epitopes of the matrix protein and three were directed against three different epitopes of the NP protein. The different cross-reactions found show that Sendai virus is antigenically related to both mumps virus and parainfluenza type 3 virus, In contrast, no antigenic relationship could be demonstrated between mumps virus and parainfluenza type 3 virus.
INTRODUCTION
The paramyxovirus group includes mumps virus, four types of parainfluenza viruses, simian virus 5 (SV5) and Newcastle disease virus (NDV) of birds (Kingsbury et al., 1978) . Certain immunological cross-reactions exist between parainfluenza viruses and also between mumps virus and parainfluenza viruses (Compans & Nakamura, 1978 ; Ukkonen et al., 1980; Meurman et al., 1982) , but little information has been presented in the literature concerning the individual structural components involved in these cross-reactions. The polypeptide compositions of parainfluenza type 2 and 3 viruses have only been known for a relatively short time (Guskey & Bergtrom, 1981 ; Goswami & Russell, 1982; Cowley & Barry, 1983; Morein et al., 1983; Storey et al., 1984; Sanchez & Banerjee, 1985a, b; Jambou et al., 1985; van Wyke Coelingh et al., 1985; Wechsler et al., 1985) . Goswami & Russell (1982) were able to demonstrate an immunological cross-reactivity between the nucleoproteins of parainfluenza type 1 and type 3 virus and also between SV5 and parainfluenza type 2 virus by immunoprecipitation experiments with rabbit hyperimmune sera directed against the four viruses. By the use of monoclonal antibodies against the nucleocapsid (NP) and haemagglutinin-neuraminidase (HN) proteins of parainfluenza type 3 virus and SV5, Goswami & Russell (1983) could show one-way immunological cross-reactivity 0000-7156 © 1986 SGM c. ORVELL, R. RYDBECK AND A. LOVE between the HN and NP proteins of parainfluenza type 1 and parainfluenza type 3 virus and also between the HN and NP proteins of parainfluenza type 2 virus and SV5. Some epitopes on the proteins were common and others were type-specific. In a recent study using a large collection of monoclonal antibodies directed against the HN glycoprotein of parainfluenza 3 virus, a few antibodies were found to react with Sendal virus (Ray & Compans, 1986) . In another recent study, Julkunen (1984) reported marked cross-reactivity between rabbit hyperimmune sera against parainfluenza type 1 and 3 viruses in tests with both purified envelope components and nucleocapsid preparations of the two viruses. In the same study, it was also reported that antibodies against mumps virus reacted with both the HN and fusion (F) envelope glycoproteins of parainfluenza type 1 virus.
The aim of the present study was to investigate the immunological relationships between mumps virus, parainfluenza type 1, 2 and 3 viruses and NDV by the use of a large collection of monoclonal antibodies directed against the major structural components of mumps virus and parainfluenza type 1 and 3 viruses. With the aid of these reagents, attempts were made to estimate the number of cross-reacting epitopes and relationships among them on each structural component on the homologous virus strain.
METHODS
Virus strains and preparation of virus materials. The Z strain of Sendal virus (Orvell & Grandien, 1982) , and the SBL-1 strain of mumps virus (Orvell, 1984; Rydbeck et al., 1986a) were grown in ¢mbryonated eggs for the preparation of antigen. Parainfluenza type 2 virus (Greer strain) and parainfluenza type 3 virus (ATCC strain C243) and the Montana strain of NDV (~rvell, 1976) were grown in Vero cells maintained in Eagle's MEM containing 2~ foetal calf serum. Extracellular virions from allantoic fluid and from tissue culture medium from infected Vero cell bottles were purified according to the method described previously for mumps virus (Orvell, 1978) .
Monoclonal antibodies. A total of 78 monoclonal antibodies directed against the structural proteins of Sendal virus were described in a previous publication (Orvell & Grandien, 1982) . The number of monoclonal antibodies used in this study were 52, six, 10, six and four directed against the HN, F, NP, polymerase (P) and matrix (M) proteins, respectively. Seventy-four monoclonal antibodies directed against the SBL-1 strain of mumps virus were characterized in a recent publication (0rvell, 1984) . Twenty-four, 12, 17, 11 and 10 were directed against the HN, F, NP, P and M proteins, respectively. By competitive ELISA these antibodies were shown to identify a minimum number of 12, 8, 10, 10 and nine separate epitopes on the same proteins (Orvell, 1984) . In a recent study, 80 monoclonal antibodies reacting with four different structural proteins of the ATCC strain C243 of parainfluenza type 3 virus were characterized and extensively described (Rydbeck et al., 1986b) . Among the 80 monoclonal antibodies, 21 reacted with the HN protein (mol. wt. 72000, 72K) eight with the F protein (64K), 27 with the NP protein (69K) and 24 with the M protein (40K). By competitive ELISA tests these antibodies were found to identify a minimum number of six, two, six and six epitopes on the HN, F, NP and M proteins, respectively.
Radioimmunoprecipitation assay (RIPA) . [3 sS]Methionine-labelled purified virions grown in Vero cells were used as antigen in RIPA. The procedure for labelling mumps virus and parainfluenza type 3 virus was the same as that previously described for measles virus (Orvell & Norrby, 1980) . Egg-grown Sendai virus was used to infect Vero cell cultures at a m.o.i, of 10. Four h later the medium was changed to MEM with 2 ~ foetal calf serum containing 20 ~tCi/ml [35S]methionine. After incubation at 37 °C for 48 h the medium was harvested. The processing of extracellular [3SS]methionineqabelled virions, the techniques of immunoprecipitation, SDS-PAGE and scintillation autofluorography have been described previously (Orvell & Norrby, 1980) .
ELISA. The technique first described by Engvall & Perlmann (1972) was used. Purified virions of all five viruses which had been frozen and thawed 10 times and sonicated were used to coat plastic plates at a protein concentration of 20 ~tg/ml. The titres of the different monoclonal antibodies are expressed as the highest 10-fold dilution that gave an absorbance of more than 0.2. Competitive ELISA tests with the monoclonal antibodies were performed as described previously (Orvell, 1984) .
Immunofluorescence (11) analysis. The procedure used was similar to that described previously (Rydbeck et al., 1986a) . Confluent Vero cell monolayers grown on microscope slides in Leighton tubes were infected with mumps virus, parainfluenza type 2 or 3 viruses or NDV. When cytopathic effects were pronounced the coverslips were fixed in cold (-20 °C) acetone and stored at -20°C until used. Vero ceils maintained in MEM containing 2~ foetal calf serum were also infected with egg-grown Sendai virus at a m.o.i, of 0.05. After 48 h incubation at 37 °C the coverslips were fixed in cold acetone. The monoclonal antibodies were used at 1 : 10, 1 : 50 and 1 : 250 dilutions of the original ascites fluids. After incubation with the antibodies for 20 min, the slides were washed with phosphate-buffered saline (PBS) after which goat anti-mouse fluorescein-labelled antibodies were added and incubated for 20 min. After washing and mounting, the slides were examined with an epifluorescence microscope. 
RESULTS

Absence of cross-reaction of monoclonal antibodies with structural proteins of parainfluenza type 2 virus and ND V
All 232 monoclonal antibodies directed against mumps virus, Sendai virus and parainfluenza type 3 virus were screened at different dilutions in ELISA tests and at a dilution of 1:10 in IF" tests for immunological reactivity against the four heterologous viruses. When immunological cross-reactivity was detected the different monoclonal antibodies were used at dilutions of 1:10, 1 : 50 and 1 : 250 in IF tests with the homologous and heterologous cross-reacting viruses. ELISA tests with tenfold dilutions of the monoclonal antibodies were carried out at the same time with the homologous and heterologous viruses. Most cross-reactions found were strong and in these cases the monoclonal antibodies reacted to the same titre in both ELISA and IF tests with the homologous and heterologous virus. In one case a weak cross-reaction was encounted and that particular antibody reacted at a tenfold lower titre with the heterologous virus. None of the 232 monoclonal antibodies reacted with either parainfluenza type 2 virus or N D V in ELISA and IF tests (data not shown).
Reactivity of mumps virus monoelonal antibodies with heterologous viruses
When the 74 monoclonal antibodies directed against the structural proteins of mumps virus were tested against Sendai and parainfluenza type 3 viruses, three cross-reactions were found. Three monoclonal antibodies directed against the F, NP and P proteins reacted with Sendai virus but not with parainfluenza type 3 virus (Table 1, Fig. 1 ). Only a weak cross-reaction was found with clone 2.117 directed against the F protein (Table 1) . 
Reactivity of three monoclonal antibodies directed against different structural proteins of mumps virus in tests with five different paramyxoviruses
Reactivity of Sendai virus monoclonal antibodies with heterologous viruses
Nine of the 78 Sendai virus monoclonal antibodies tested cross-reacted with either mumps virus or parainfluenza type 3 virus. Eight of the cross-reacting antibodies were directed against the HN and one against the NP protein (Table 2) . Of the anti-HN monoclonal antibodies, two, 106 and 1.181, reacted with parainfluenza type 3 virus but not with mumps virus (Table 2, Fig  2) . By competitive ELISA tests these two monoclonal antibodies were found to react with two different epitopes. Six other anti-HN clones directed against four separate epitopes reacted with mumps virus, but not with parainfluenza type 3 virus (Table 2) . Antibody 909 directed against NP reacted with mumps virus.
Reactivity of parainfluenza type 3 virus monoclonal antibodies with heterologous viruses.
None of the 80 monoclonal antibodies directed against parainfluenza type 3 virus crossreacted with mumps virus. One of 21 monoclonal antibodies directed against HN, four of 24 directed against M and three of 27 directed against NP cross-reacted with Sendai virus (Table  3) , The antibodies 4.607 and 4.733 were directed against two separate epitopes on the M protein, whereas the epitope specificity of antibody 4.583 and 4.684 could not be solved by competitive ELISA tests. The precipitation of the M protein of Sendai virus by the four antibodies directed against the M protein of parainfluenza type 3 virus is shown in Fig. 3 . Monoclonal antibody 4.758 which reacted with the NP protein of parainfluenza type 3 virus reacted with the F protein of Sendai virus (compare Fig. 2 and Fig. 4) . The IF pattern on Sendai virus-infected cells with representatives of the four different types of monoclonal antibodies can be seen in Fig. 5 . Intratypic antigenic variation has been discovered in mumps virus (Server et aL, 1982; Orvell, 1984; Rydbeck et al., 1986 a) , parainfluenza type 3 virus (van Wyke Coelingh et al., 1985; Ray & Compans, 1986) and N D V (Russell & Alexander, 1983; Nishikawa et aL, 1983) . In the present study, intertypic antigenic relationships between five different paramyxoviruses were studied with monoclonal antibodies against three different paramyxoviruses. With the aid of these previously defined antibodies, the intertypic antigenic relationships of individual epitopes of the different structural proteins could be studied. Cross-reacting monoclonal antibodies in most cases reacted equally strongly with the heterologous viruses. An advantage in the use of monoclonal antibodies is their defined specificity.
The chance of detecting cross-reactions is dependent on the number of epitopes that can be identified by a given set of monoclonal antibodies. Therefore, a potential disadvantage in the use of monoclonal antibodies is that for practical reasons only a limited number of monoclonal Table 3 . antibodies can be employed in a particular study. Intertypic antigenic relationships between paramyxoviruses have been studied previously both with monoclonal (Goswami & Russell, 1983; Ray & Compans, 1986) and polyclonal sera (Goswami & Russell, 1982; Julkunen, 1984) . In the present study, three mumps virus monoclonal antibodies directed against different structural proteins reacted with Sendai virus. Immunological reactivity between Sendai virus and antibodies against mumps virus was also described by Julkunen (1984) . A reciprocal immunological relationship existed between the two viruses, as six monoclonal antibodies against the HN protein and one against the NP protein of Sendai virus reacted with mumps virus.
Reactivity of eight monoclonal antibodies directed against different structural proteins of parainfluenza 3 virus in tests with five different paramyxoviruses
Another reciprocal immunological relationship existed between Sendai virus and parainfluenza type 3 virus. The immunological relationship concerned three structural proteins, HN, NP and M. In the case of the M protein only a one-way cross-reaction was found as all four monoclonal antibodies against the M protein of Sendai virus failed to react with parainfluenza type 3 virus. As only a small number of antibodies against M was used this lack of cross-reaction does not exclude the possibility that antibodies against the M protein of Sendai virus can crossreact with the M protein of parainfluenza type 3 virus. In fact, it was found that hyperimmune sera against purified Sendai virions could precipitate the M protein of parainfluenza type 3 virus (C. Orvell, unpublished data). An antigenic relationship between the HN and NP proteins of Sendai and parainfluenza type 3 viruses has been described previously (Goswami & Russell, 1982 Julkunen, 1984; Ray & Compans, 1986) . From cloning experiments it has been deduced that the HN proteins of Sendai virus and parainfluenza type 3 virus show similarities in the amino acid sequence of a hydrophobic region near the N terminus of the protein (Elango et al., 1986; Blumberg et al., 1985) . During the preparation of this manuscript, it was also reported that the amino acid sequence of the NP protein of parainfluenza type 3 virus demonstrated a high degree of homology with the corresponding protein of Sendai virus . In a previous study on Sendai virus, two monoclonal antibodies with haemagglutination inhibition and neuraminidase inhibition activities, antibodies 852 and 1.181, could not be distinguished on the basis of competition experiments (Orvell & Grandien, 1982) . In the present study, it was shown that the two antibodies were directed against separate epitopes on the protein as antibody 1.181 reacted with parainfluenza type 3 virus but antibody 852 did not.
An antigenic relationship between mumps virus and parainfluenza type 3 virus could not be demonstrated in the present study in spite of the fact that a large number of monoclonal antibodies against both viruses were available. These results were similar to those of Julkunen (1984) who found that hyperimmune sera against the envelope glycoproteins of mumps virus and parainfluenza type 3 virus did not cross-react with the heterologous virus. In the present study, nine monoclonal antibodies directed against Sendai virus reacted either with mumps virus or parainfluenza type 3 virus, but no monoclonal antibody against Sendai virus reacted with both heterologous viruses simultaneously. It appeared, therefore, that cross-reaction with one of the two heterologous viruses excluded cross-reaction with the second heterologous virus. These results show that Sendal virus is antigenically related to both mumps virus and parainfluenza type 3 virus. In contrast, the latter two viruses appear not to be antigenically related.
By use of the collection of monoclonal antibodies against mumps virus, Sendai virus and parainfluenza type 3 virus in the present study no immunological relationship was detected between these viruses and parainfluenza type 2 virus. When instead rabbit hyperimmune sera against Sendai virus and parainfluenza type 3 virus were used, precipitation of the HN protein of parainfluenza type 2 virus occurred (C. Orvell, unpublished data). These findings were similar to those reported by Julkunen (1984) . The degree of cross-reaction of the HN protein of the virus with antibodies against Sendai virus and parainfluenza type 3 virus remains to be investigated.
One monoclonal antibody, clone 4.758 directed against the NP protein of parainfluenza type 3 virus, unexpectedly reacted with the F protein of Sendai virus. Immunofluorescence analysis with this antibody showed different staining patterns in parainfluenza type 3 virus-and Sendai virus-infected cells. In the former case, the staining involved rounded cytoplasmic inclusions, whereas in the latter case the staining was diffuse (Fig. 5) . Molecular mimicry detected by the c. ORVELL, R. RYDBECK AND A. LOVE reaction of viral monoclonal antibodies with normal cellular components appears to be a relatively common phenomenon (Srinivasappa et al., 1986 ). An example of antigen mimicry between measles and respiratory syncytial virus has recently been described by Norrby et al. (1986) .
Concerning the immunological relationships between the members of the paramyxovirus group a consensus is now starting to develop, as the present study and previous studies (Goswami & Russell, 1982 Julkunen, 1984; Ray & Compans, 1986) by and large confirm each other's results. It will also be of interest to study the immunological relationships between the members of the group using a large collection of monoclonal antibodies directed against the structural proteins of parainfluenza type 2 virus and SV5 once these antibodies become available.
